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Abstract ' A general theory is developed for the study of spin-lattice relaxation of 1 -  ?/2 spins due to domain-walls in ordci-disordci Icrioclcclrics 
If IS assumed that the domain-wall structure is responsible for relaxation and the transfer ol nuclear magnetization between the nuclei near ihc domain 
Aall^  and those deep inside the domain occurs through nearest neighbour interaction by spin-diffusion process Rate equations arc formed by 
representing the ferroelectric domains by a one-dimensional chain of equidistant spins having dipolar coupling Spin-populaiioiis aic calculated as a 
limuion of time for different ratios of quadrupolar to dipolar transition probabilities for a sample subjected to selective if pulse It is shown that for 
iIk’ situat on where the centre line is iniliully saturated^ the satellite population follows a power law dependence that can be approximated by C,(L/aV’il/ 
W r" for times greater than the domain-diffusion lime L*AV where L,a and are the domain width, internuclear spacing and dipolai 
iransjiion probability respectively. The results arc quite general and arc found in qualitative agreement with the 'Na relaxation behaviour at low 
temperature in ferroelectric NaNO,.
Keywords Spin diffusion, domain wall effect in ferroelectrics. Spin lattice relaxation 
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1. introduction
F erro e lec tric s  a re  a  v e ry  im p o r ta n t  c la s s  o f  m a te r ia ls  h a v in g  
Wide a p p l ic a t io n s  in  v a r io u s  te c h n o lo g ic a l  d e v ic e s  s u c h  a s  
c lec iro -o p tic  m a te r ia ls ,  in f ra re d  s e n s o rs ,  u lt ra s o n ic  s y s te m s  etc 
11 3 |. A  m a te r ia l  is  s a id  to  b e  f e r ro e le c tr ic  w h e n  it h a s  tw o  o r  
niorc o rien ta tio n a l s la te s  o f  e le c tr ic  p o la r iz a tio n  an d  c an  b e  sh ifted  
From o n e  to  a n o th e r  o f  th e s e  s ta le s  b y  an  e le c tr ic  f ie ld . I f  th e  
sp o n tan eo u s p o la r iz a t io n  a r is e s  d u e  to  th e  o rd e r in g  o f  io n s  o r  
some g ro u p  o f  io n s , th e n  th e  f e r ro e le c tr ic  is te rm e d  a s  a  o rd e r -  
di.sordcr fe r ro e le c tr ic  11 >3J. T lic  th e rm a l m o tio n s  le n d  to  d e s tro y  
liie fe r ro e le c tr ic  o r d e r  a n d  fe r ro c le c t r ic i ty  u su a lly  d is a p p e a rs  
iihovc a  c e r ta in  te m p e ra tu re  c a l le d  th e  tr a n s it io n  te m p e ra tu re  
B e lo w  T ^ , a  f e r ro e le c t r ic  m a te r ia l  c o m p r is e s  re g io n s  c a lle d  
tlom ains w ith in  e a c h  o f  w h ic h  th e  p o la r iz a t io n  is in  th e  s a m e  
tlirection  b u t  in  th e  a d ja c e n t  d o m a in s  th e  p o la r iz a t io n  is  in  
tlif fe ren t d i r e c t i o n .  I f  th e  s p o n ta n e o u s  p o la r iz a t io n  in  th e  
m a c e n t  d o m a in s  a re  in  o p p o s i te  d ir e c t io n s ,  th e  d o m a in s  a re
C orresp o n d in g  A u th o r.
c a l le d  1 8 ( r  d o m a in s  a n d  th e  r e g io n s  jo in in g  tw o  a d ja c e n t  
d o m a in s  a rc  c a l l e d  1 8 0 ‘^  d o m a in - w a l l s .  T h e  te c h n o lo g ic a l  
a p p lic a tio n s  o f  a  fe r ro e le c tr ic  g re a tly  d e p e n d  u p o n  its d o m a in -  
s tru c tu re  a n d  b e h a v io u r  a n d  sh a p e  o f  h y s te re s is  lo o p  th a t in 
tu rn  a rc  g o v e rn e d  b y  h o w  fas t th e  d o m a in s  c a n  b e  sw itc h e d  
fro m  o n e  d ir e c t io n  to  th e  o th e r . T h e  s w itc h in g  p ro c e s s  in v o lv e s  
b u ild in g  u p  o f  th e  fa v o u ra b le  d o m a in s  a t th e  e x p e n se  o l th e  
u n fa v o u ra b le  o n e s  s ta r lin g  fro m  n u c le a tio n  an d  g ro w th  a t th e  
d o m a in -w a lls  [2 ]. A lso , th e  p ro p e r t ie s  o f  a fe r ro e le c tr ic  te n d  to  
c h a n g e  o v e r  p e r io d  o f  tim e  d u e  to  g ra d u a l b u ild  u p  o f  in h ib it in g  
s tru c tu re  a t d o m a in -w a lls  re d u c in g  th e ir  m o b ility  f 1,2 |. T h ere fo re , 
s tu d y  o f  f e r r o e le c t r ic  d o m a in s  a n d  d o m a in  w alks h a s  b e e n  
d ra w in g  c o n s id e ra b le  a tte n tio n  o f  re s e a rc h  w o rk e rs  in  th e  p a s t 
a s  w e ll a s  re c e n t  y e a rs  [4 -1 0 ] . F o r  th is  v a r io u s  te c h n iq u e s  [ I ]  
s u c h  a s  o p tic a l  b i r e f r in g e n c e ,  s e c o n d  h a rm o n ic  g e n e ra t io n , 
e le c tro n  m ic ro sc o p y , c h e m ic a l e tc h in g . X -ra y  to p tig rap h y , U . V. 
p h o to e m is s io n  etc, h a v e  b e e n  u s e d  fo r  d i f f e r e n t  m a te r ia ls .  
N u c le a r  m a g n e tic  re s o n a n c e  (N M R ) h a s  b e e n  a  v e ry  p o w e rfu l 
to o l fo r  s tu d y in g  th e  lo c a l e n v ir o n m e n t f 11 -1 3 ] .
0 2 0 0 1  lA C S
N u c le i w ith  sp in  q u a n tu m  n u m b e rs  /  ^  I p o s s e s s  e le c tr ic  d n y 2 i x j )
150 Mrif*nayani Kotecha and  Lakshm an Pandey
q u a d ru p o le  m o m e n ts  in  a d d itio n  to  th e  m a g n e tic  d ip o le  m o m e n ts  
T h e  d ip o le  m o m e n ts  in te rac t w ith  th e  l(x:al m a g n e tic  fie ld  w h e reas  
th e  e le c tr ic  q u a d ru p o le  m o m e n ts  in te ra c t  w ith  th e  e le c tr ic  f ie ld  
g ra d ie n ts . T h e  N M R  s tu d ie s  o f  n u c le i w ith  7 >  1 h a v e  th e re fo re  
p ro v e d  to  be a v e ry  p o w e rfu l to o l fo r  th e  s tu d y  o f  lo c a l s tru c tu re  
an d  d y n a m ic s  in c lu d in g  phavsc tr a n s it io n s . A la rg e  n u m b e r  o f  
r e p o r ts  a re  a v a i l a b le  o n  s u c c e s s f u l  u se  o f  N M R  f o r  s u c h  
in v e s tig a tio n s  in fc r ro e lc c tr ic s , a fe w  il lu s tra t iv e  o n e s  a re  g iv e n  
in th e  re fe re n c e s  [1 4 -1 7 ]. H o w ev e r, th e  p o ss ib le  e ffe c t o f  d o m a in - 
w a lls  o n  th e  sp in  re la x a tio n  h a s  n o t b e e n  s tu d ie d  so  fa r  in 
li te ra tu re  fo r  a n y  fe r ro e le c tr ic  sy s te m . In  th is  p a p e r, w e  p re s e n t 
a  th e o re tic a l s tu d y  o f  th e  n u c le a r  sp in  re la x a tio n  o f  sp in  /  =  3 /2  
sy s te m  d u e  to  d o m a in -w a lls  in  o rd e r -d is o rd e r  fe r ro e le c tr ic s . T h e  
fo rm a tio n  o f  ra le  e q u a tio n s  a n d  th e ir  s o lu t io n s  a re  g iv e n  in  th e  dny 2 ( x j )  ^  
n e x t s e c t io n ,  fo l lo w e d  by  th e  a p p l ic a t io n  o f  th e  r e s u l ts  in  d t
in te rp re ta tio n  o f  th e  e x p e r im e n ta l d a ta  in fe r ro e le c tr ic  N aN O ^ . A  
p re l im in a ry  re p o r t  o f  th is  w o rk  w a s  p re s e n te d  e a r l ie r  [1 8 ].
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2. Theory
L e t u s  c o n s id e r  a  fe r ro e le c tr ic  m a te r ia l  o f  o rd e r -d is o rd e r  ty p e  
p o s s e s s in g  7 =  3 /2  n u c le i s u c h  a s  ^^N a in  N aN O ^ . W e a s s u m e  
th a t a  180^ d o m a in  c a n  b e  re p r e s e n te d  by  a  o n e -d im e n s io n a l  
a rra y  o f  e q u id is ta n t  n u c le i  (s p in  7 =  .3/2) s i tu a te d  a t . . .  x -2 a , x -a , 
X, x+ a, x + 2 a ... as  sh o w n  in F ig u re  1. In an  ex te rn a l m a g n e tic  fie ld , 
th e  7 =  3 /2  s p in s  w o u ld  h a v e  fo u r  Z e e m a n  le v e ls  1 1 2 ,1 3 ] 
c o r re s p o n d in g  to  th e  q u a n tu m  n u m b e rs  m =  3 /2 , 1/2, ~  1/2, - 3 /2 .  
W e a s s u m e  th a t th e  q u a d ru p o le -c o u p l in g  c o n s ta n t is su c h  th a t 
it g iv e s  r ise  to  w e ll r e s o lv e d  N M R  s p c c lru m  c o r r e s p o n d in g  to  
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F ig u r e  1. S c h e m a tic  e n e rg y  lev e l d ia g ra m  o f  sp in s  ( 1=3/2) in  a o n e
d im e n s io n a l  c h a in .  W ',, a r e  th e  t r a n s i t io n  p r o b a b i l i t i e s  o f  _y ,.1 I ii;<
3/2 <-4l/2 , 1 / 2 ^  -1 /2 . -l/2<~> -.V2 lev e ls  re .spcc iively  fo r the  case  w here  - 2 n^y2 {xj )W^ +  2 n _ 3/ 2 ( A .f )  W f  -  / i , / 2 ( a - £ / , / ) / ! _ , / 2 ( a , / ) '^ d
one sp in  u n d erg o in g  an  u p w ard  tran sitio n s  w h ile  the  o th er sp in  undergoes 
dow n w ard  tran sitio n  (u su a lly  ca lled  flip -flop  term ). IF*,, IV”,. W\  represen ts 
sim u ltan eo u s u p w ard  (o r d o w n w ard )  flip  o f  th e  pa ir  o f  sp in s, VF’j, W \  
re p re s e n ts  th e  s in g le  sp in  t r a n s i t io n  p ro b a b i l i ty  fo r  th e  s p in -p a ir s  an d  
co u n ted  tw ice  fo r  e a c h  p a ir  o f  sp in s .
The rale of change of deviations of populations from thermal 
equilibrium values can be written as [ 12,13,19,20]
A
A  A
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( 1 )
° (x,ri = pN^,(x, t )  + crN^,(x + a j }  + cTN_^i(x-cj,t)
- 2 p '  N ( f { x , t ) - 2 ( r '  NQ( x  + a , t )  ~ 2 o '  N ( ^ ( x - u , t )
+f f "  N  f ( x . r )  + a " N  ^(x + o , t )  +<r" N  f ( x - a j ) ,  
d  N  ^
-- -( .v , |)  =  p '  N^^(x,t) + a '  N^ ^(x + aJ)  + a '  /V„(.v -  a,t) 
dt  ^
—%p''N , ( a ,M “  2 (t "  yV_, ( a -f  f f ,/)  -  2a'' N __^ {x -  aj ) ,  
w h e re  p  =  2W ,' + ( % '  / 2) + (Wj  / 2 ) .  cr =  ( W j -  1V„‘ ) / 4
p ' =  ZIV,” +(W;;* /  2 )  +  (W," / 2 ) .  ct' =  ( W2" -  % " ) /  4
p "  =  2W , ' + (lV o-' / 2 )  +  (1V2 ' / 2 ) , t T " = ( W 7 '  - % ' ' ) / 4 .
(2)
U sin g  T a y lo r  s c r ie s  e x p a n s io n  o f  th e  te rm s  (a + a, /), 
A/_, (a -h a  / ) , ( A -h a  O^N^ix-a,  r), A/ , ( x - a  0 , U - a  0 .  
a n d  re ta in in g  th e  te rm s  u p  to  th e  s e c o n d  d e r iv a t iv e  a n d  ta k in g
p  +  2 ( j  =  « , , p '^ 2 a '  = ci2 . p" + 2a" .
/ ) l = = ~ c ^ a ^  D ^ - - a ' ( r .  D ^ - - a " c r ,
th e  e q . ( 2 ) r e d u c e s  to
where /V =  +  n _ „ 2  +  W -va
and W j, IV®, Vl^"' a re  th e  t r a n s i t io n  p ro b a b i l i t ie s  o f  3 /2  ^ 1 / 2 ,  
1/2 -1 /2 , ~ l / 2  ^  ~ 3 /2  le v e ls  re s p e c tiv e ly  fo r  th e  c a s e  w h e re
spin u n d e rg o in g  a n  u p w a rd  tr a n s i t io n s  w h ile  th e  o th e r  sp in  
undergoes d o w n w a r d  tr a n s i t io n  ( u s u a lly  c a l le d  f l ip - f lo p  te rm ) . 
^  2’ ^  *2 t*ep resen t s im u l ta n e o u s  u p w a rd  (o r  d o w n w a rd )
Hip of the  p a ir  o f  s p in s ,  W* j , VV^p W** j r e p r e s e n t  th e  s in g le  s p in  
transition p ro b a b i l i ty  f o r  th e  s p in -p a ir s  a n d  c o u n te d  tw ic e  fo r  
each p a ir o f  sp in s .
U efin ing
1V^, =  « , / 2 - n , / 2 .
*nd assuming that
W '^= W '^ (x ,x  + a ) s W ^ ( x , x - a )  (fori = 1,0,-1) 










^ ^ ( x , t )  = a, N^, (x, t )-D,  -  p  Np(xJ) -2a .N, , {x , t )  
dt  dx"
d^ d^+2 D2 -2  N(;,(x,l)-t-a, N. , ( x , t ) -D^ ~N_ , ( x , t ) ,
dx^ dx"
d N- - —(x,i) = a2N(,tx,t)-D2 ” Y/Vo(.v,r)-2a, A/„,(Ar.f)




N o w  w c  a t t e m p t  to  s o lv e  th e s e  c o u p le d  s im u l ta n e o u s  
d if fe re n t ia l  e q u a tio n  u s in g  L a p la c e  t r a n s fo rm  121, 2 2 ] . T a k in g  
th e  L a p la c e  tr a n s fo r m  o f  e q . (3 )  o v e r  th e  v a r ia b le  /  a n d  w rit in g
Z*1 =‘ X [N „(x , t ) } ,Z o  = 2 ’{iVo(-^'O.Z-, = A N . , ( x , t ) } ,
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■^2 ^
4 C , ~ ^ 1  +  (4 C , + 3 i ) Z , ,  + 2 .v Z o + .rZ _ , = / t ,
dx^





4- 2 s Z q  +(4C7^ +  3 a') Z _ | =
w ilh
k, = 3  /V ^,(A .O) +  yV .,(.v.O) +  2A /o(.v ,0), 
k2 = K i  (•'■ .0)+ jV. I u . 0 )  +  2iV„{,v.O). 
jt , =  A /4 .|( .v ,0 )+ 3 y v _ |(A -,0 )+ 2 y v „ (A ,0 ) ,
a n d
C, = 2 ^ '  + V^'.'
C ,  =  2 W “ +  W "  ,
C ,  =  2 W ," ' +  W 7 ' . Q  =  -  •
F o r  th e  g iv e n  /  =  3 /2  s y s te m , th e  v a lu e  o f  th e  p ro b a b i l i t ie s  
c a n  b e  w r it te n  a s  113 j
2 7  ;4 ‘
W'/ =  ”  sin" 0COS* Ot, 
' 8
<  =  2 ^ ( l - 3 c o s - e ) ' r .  .
f  = ^ ^ s i n - 0 c o , ^ 0 T ,  . 
' 8  f t-
IV
IV"' = 2. ^  ( 1  -  3  COS^  T,
8  ft2 ^ •
I V " ' ^ 2 2 1 ^  sin^ 0 cos^Ot, 




f  s i n “* e  t.
W f = 1 8  ^  s ln '’ e T _
I 81 4
VK, = --------- ^  s in  t7 T, ,
8 ri"
w h e re  -  y 1 y fh^ ! r \  0 is th e  p o la r  a n g le  o f  Uk- ladi^ 
v e c to r  jo in in g  tw o  n u c le i  w ith  re s p e c t  to  th e  e x te rn a l niagnm 
f ie ld  a n d , T .^ is  th e  c o r r e la t io n  tim e .
T h e  e q .(4 )  w e re  d if f ic u l t  to  so lv e  fo r  th e  g e n e ra l case  So ^ 
m a d e  a  s im p l ify in g  a s s u m p tio n  th a t th e  d ir e c tio n  o f  the  c \u in , 
s ta tic  m a g n e t ic  f ie ld  u se d  in a  N M R  e x p e r im e n t is in uit| 
a n g le s  to  th e  a r ra y  o f  sp in s ,  so  th a t  Q is e q u a l to  9()^\ W c IuhIk 
a s s u m e  th a t th e re  is  n o  c ro s s - r e la x a tio n  b e tw e e n  th e  saidln 
a n d  c e n tr e  l in e  tr a n s it io n s . W e th e r e fo re  se t C ,, an d  ( \ ctju; 
to  z e ro . T h e  e q .(4 )  th e n  r e d u c e s  to
7 "  — A ) “
Z - i  =
9 l f t l
1
8 l f t l
I
9 lftl
[ i 2 - . 9 Z 4 , - 2 . v Z o - 5 Z . , ] .
[ f t , - . v Z , , - 2 , v Z „ - 3 A Z . , ] .
w h e r e  | f t |=  «"lVoo / 1 6 .  1V,h> =  W " = ( 2 A o " / / / " ) ( ! - 3 c o s  ( 
r ,  a n d  .v is th e  L a p la c e  v a r ia b le  (s e e  A p p e n d ix  I ).
T h e  s e t  o f  e q s . (5 )  c a n  be  s o lv e d  h^r d if fe re n t im luil .ii 
b o u n d a ry  c o n d it io n s .  F o r  an  e a sy  c o m p a r is o n  o f  the icmjI 
w i lh  th e  g e n e r a l l y  p e r f o r m e d  p u l s e d  N M R  re laK a in  
m e a s u re m e n ts  a n d  a ls o  to  s tu d y  th e  d o m a in -w a ll  e ffec ts , v 
c o n s id e r  th e  fo l lo w in g  s i tu a t io n s .
A  se le c t iv e  ra d io  f r e q u e n c y  N M R  p u ls e  is a p p lie d  to ll 
c e n tr e  lin e  o f  th e  q u a d ru p o le  s p l it  w e ll r e s o lv e d  sp e c tru m  ol I 
3/2 .system  fo r  a  d u ra t io n  su c h  th a t a  f ra c tio n  a  o f  sp in s  ilip  tm 
th e  lo w e r  s ta te  7 = 1 / 2  to  th e  h ig h e r  s ta te  /  =  -  1 / 2  and il 
p o p u la t io n  d if f e re n c e  b e c o m e
A^^(A',0) =  - 2 a ,  A . , U , 0 )  =  a ,  A ^ ,(A ,()) =  a .  (<
T h e  lim e  /  =  0  c o r r e s p o n d s  to  th e  e n d  o f  th e  pu lse  V 
c o n s id e r  a  18(K' d o m a in  w ilh  th e  d o m a in -w a ll  a t its en d  Tl 
o r ig in  o f  th e  c o o rd in a te s  x =  0 , is ta k e n  a t th e  d o m a in -w a ll . V 
fu r th e r  a s s u m e  th a t th e  p o p u la t io n s  a t th e  d o m a in -w a ll  foll<i 
th e  t im e  d e p e n d e n c e
y V „ ( 0 , / ) = :a [ f  (
w h e re  W , a n d  a rc  th e  q u a d r u p o la r  re la x a tio n  probabllit* 
c o r r e s p o n d in g  to  th e  t r a n s i t i o n  m =  ±  3 /2  <-> ±  1/2 
m  =  ±  3 /2  ^  T  1/2 re sp ec tiv e ly . T h e  s ig n ific a n c e  o f  th is particul 
c h o ic e  w o u ld  b e c o m e  c le a r  w h e n  w c  d is c u s s  th e  resu lts  
N a N 0 2  la te r  o n . I t  s h o u ld  b e  n o te d  in  d e c id in g  th e  location  
th e  o r ig in , i,e. 0 , th a t th e  N M R  o f  n u c le i ly in g  in s id e  the wi
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mkl not be u su a lly  o b se rv a b le  d u e  to  s lru c lu ra l d iso rd e rs . 
V -  0  w o u ld  c o rre sp o n d  to  th e  reg io n  n e a r  th e  w all. A t
) DC u c lu uuuiur<ti u u u
 
we are  a ssu m in g  th a t th e  w all th ic k n e ss  is n e g l ig i t ^ .
rfsing the a b o v e  b o u n d a ry  c o n d itio n s , eq . (5 ) w ere  so lv ed
({tviolcl
-(k^ -k-^l 4 i')  e~ +  (2/:i -  2<:i /  4 i ) ,
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wuh
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Taking in v erse  L a p la c e  tra n sfo rm  122] o f  eq . ( 8 ), the va lu es 
‘*1 , (A', t) an d  {x, t) a re  o b ta in e d  as
'^^(^^O  =  C , i 0 , ( . r , r ) + C ,2  0 2 U'»^) +  C ,^ 0 3 U , / )  +  Ci4 0 4 ( x , / )  
+  ^'i 5 05 ( 0 + c ,  6 06  ( A\ r) +  Cj 7 07 (.r, r) +  C ,« , 
v . , (  \ ,r )  =  C 2 , 0 , ( aC ,/)+ C 22 02(-^’^ )‘*‘ Q 3  0 3 U » ')T ‘ C24 0 4 { a: , / )  
"^^25 05 0  +  ^26 0 6 ( a^ »/)*4 € 3 7  0 7 ( a*,O 4* 6 2  ^ ♦
Vq( . \ , / )  =  01 ( j f ,  / )  4- C 32 0 2  0  ^ 3 3  0 3  (-T, 0 4 -  C 34 0 4  ( jr» r)
T*^35 0 5 (-^ »O  4  C 36 0 6 ( a* , / ) 4  C 3g , (9 )
where
Cm = C 2 , » - | i - ^ , | c „
0 i( j: ,O  =  erfc
7?2I/;I 27/ ’
4<^
7 ^  2 7 / ;
„ L')iv -
■ erfcl - 7 - 2  W,/ + - 7 * ^  f-
7 ^  27/
+ e  • ^ ™ e r f c 7 = ^  + I
7 ^  2 7 /
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12\h\ i j t  I
r ' - Xip<,
w  n  J n m T T t
. . .
-V-2W', - 'r ..
' '  ■ V72IM
crfc  - y f^ 2 <  +
yjl2\h\ 2 jt
l-^w,
:  '  ^V 72l/..„,v ____ L
■“ * 2V 7 ,
0 ,U ,/ )  = erfc|
9lhl 2-ft j ’
w h e r e  e r f c  i s  t h e  c o m p l e m e n t a r y  e r r o r  f u n c t i o n  ( s e e  
A p p e n d ix -1 )
T h e  a v e ra g e  v a lu e s  o f  th e  p o p u la t io n  d if fe re n c e s  fo r  the  
e n tire  d o m a in  w o u ld  h e  g iv e n  by
N,{t) -  ( \ ! L)^ N , ( x j ) dx . ( 10)
0 .5  to  2 .0  w h ic h  a rc  ty p ic a l fo r  fc r ro c lc c tr ic s  su c h  as NaNfj 
d o c s  n o t a f fe c t th e  p o p u la t io n  d if fe re n c e  m u c h  [231. Thcrcion 
th e  p o p u la t io n  d if fe re n c e  is  p lo t te d  fo r  o n ly  o n e  ra tio  oi tv 
v/z. W^/W , = 1 . T h e  c u rv e s  sh o w n  b y  d o tte d  lin e  depict ih 
b e h a v io u r  g iv e n  b y  cq . (7 )  i.e. th ey  s h o w  th e  tim e  dcpctuknt 
o f  w h e re  th e  n u c le i a t  a ll th e  s i te s  x th ro u g h o u t t[,
d o m a in  fo l lo w  th e  re la tio n  g iv e n  by  e q .(7 )  a n d  spin-dillusion  
a b se n t. F ro m  th e  F ig u re  2 (b ) , it is .seen th a t A^^,(/) fo r the picni 
s i tu a t io n  a re  n o n  e x p o n e n tia l .
W^/W, = 1 • L/a = 10
w h e re  / =  1, 0  o r  - 1  a n d  L is  th e  th ic k n e s s  o f  th e  d o m a in . In  o u r  
t r e a tm e n t d o m a in -w a ll  th ic k n e s s  h a s  b e e n  ig n o re d .
3. Result and discussion
T h e  tim e  d e p e n d e n c e  o f  th e  p o p u la t io n  d if fe re n c e  A^.,(0 
an d  w e re  e v a lu a te d  n u m e r ic a l ly  u s in g  e q s .(9 )  a n d  ( 10 )  fo r  
d if fe re n t value.s o f  th e  ra t io s  VV,/VI (^,o a n d  W ,/W j a n d  a re  p lo t te d  
in  F ig u re  2 . It w a s  fo u n d  th a t  th e  v a lu e s  o f  in  th e  ra n g e
Figure 2(b). Variation ot Log ^^,(/) ns a function ol \\\t foi (JilUn 
ratios of VV,/W,^ ,
I f  w e  tre a t th e  q u a n ti ty  as  th e  d if fu s io n  coclliLicm
[1 2 ] , th e n  th e  fu n c tio n  b e c o m e s  th e  d if fu s io n  kw.
a n d  p r o v id e s  a n  e s t im a te  o f  th e  d is ta n c e  u p to  which i 
m a g n e t iz a t io n  w o u ld  h a v e  d if fu s e d  fro m  th e  dom ain-vva
(x =  0 )  in to  th e  d o m a in  in tim e  /. T h e  q u a n ti ty  / ili
g iv e s  an  e.slim atc o f  th e  p o rtio n  o f  th e  d o m a in  o f  len g th  L gcUi 
a f fe c te d  in  tim e  t. T h e  sp in -d ilT u s io n  w o u ld  h a v e  Iravcliccl i
fu ll d o m a in  in  a  t im e  r, w h e re  -  LI a . F ig u re  3 sho
a  p lo t o f  lo g ^ ^ + ) (0  V.V lo g ^ jy[^)of I LI (()• FYom th e  F igure 3.
re sp ec tiv e ly , an d  cu rv e  6  rep re sen ts  th e  b eh av io u r  g iv en  by E q . (7). 0 .0 0 1 . 0 .0 0 5 . 0 .0 1 , 0 .0 5 , 0 .1 . 0 .5 , I, 10 re sp e c tiv e ly .
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find th a t  f o r  th e  v a lu e s  o f  log^. (y[W ^/ L / a )>\  i.e.
>  L, ^ ± i ( 0  fo llo w s  th e  re la tio n  =  q u / a f
ill T h e  v a lu e s  o f  C j a n d p w o u ld  d e p e n d  up o n
the ratios an d  W e g e tp  =  1.03 a n d  Cj =  ex p (-2 )
lor iv y  Wj =  1 an d  W ,/IVqq =  I . F o r  the  L t »the e ffec t o f
domain-wall w o u ld  n o t b e  v is ib le , an d  fo r tim e s  m u ch  g re a te r  
than L! 1 th e  p o p u la tio n  d if fe re n c e s  fo llo w  th e  p o w e r
law d ep en d en ce  F o r  th e  tim e  t in th e  ra n g e  (,05L)y(W^a^) 
^ i < {lPiy/^(P)s N^\U) fo llo w s  th e  c u rv e d  p o rtio n  in  F ig u re  3. It 
was found  th a t th e  b e h a v io u r  o f  w h ic h  is g o v e rn e d  by






Woof d(  V
U-J
( 12)
where p an d  ^ d e p e n d  u p o n  th e  ra tio  T h e ir  v a lu es w ere
found not to  vary  s ig n if ic a n tly  w ith  th e  ra tio  W 2/WJ an d  lie  in 
ihc range 1 to  3 an d  0 .4  to  3 resp ec tiv e ly . F o r  e x am p le , d -  3 .68 , 
p -  1,03 fo r =  1. T h e  eq . (1 1 )  re p re se n ts  th e  lim e
d(?pendcnce o f  the m a g n e tiz a tio n  co rre sp o n d in g  to  th e  tran sitio n  
± V2 f-> ± 1/2 as  th e  m a g n e tiz a tio n  w o u ld  be p ro p o r tio n a l to  
N J i l
T he v a lu e  o f  N^ ^(())/e «  0 . 184  lies in th e  cu rv e d  p o rtio n s  in 
l igure 3. I f  w c a ssu m e  th a t th e  lim e  w h en  th e  m a g n e tiz a tio n  
co rresp o n d in g  to  th e  tra n s it io n  ±  3/2  ±  1/2 h as d e c a y e d  to
lie o f the in itia l v a lu e  A^^j(O), c an  be  tak en  as a  so rt o f  m easu re  
lor the re lax a tio n  tim e, w c find  th a t, the  re lax a tio n  tim e, say  
due to d o m a in -w a ll e ffe c t c o m e s  to  be  e q u a l to
T h e  re lax a tio n  p ro b a b ility  ( du e  to  sp in -d if fu s io n  is 
p lo tted  as a  fu n c tio n  o f  d iffe re n t v a lu es  o f  Wj/W^j^j in F ig u re  4. It 
is c le a r  from  F ig u re  4  th a t is v e ry  sm a ll an d  a lm o s t
in d ep en d e n t o f  Wj/lV^^^ fo r low  v a lu es o f  W j/W ^^, an d  rise s  
very  fa s t as VVj/W^ j^ in c re a se s  an d  re a c h e s  a lm o s t a c o n s tan t 
v a lu e  fo r la rg e  v a lu es  o f  S im ila r  tre a tm e n t m ay  be
p re sen ted  fo r th e  b e h a v io u r oi
4. ^planation of the '^Na spin-lattice relaxation data in
ferroelectric NaNO^ .
<•
S o d i i l^  n itrile  is an  o rd e r-d iso rd e r  fe rro e lec tr ic  [24] w ith  the 
f e r r o e le c t r i c  to  p a r a e ic c tr ic  t r a n s i t io n  te m p e ra tu re  T^, at 
438K |25,261. l l i c  N M R  stud ies have been ea rn ed  out for d ifferent 
c ry s l i l  o rien ta tio n  o v e r  the  tem p e ra tu re  ran g e  130K  to  4 6 2 K  
127) i n d  it has been  sh o w n  that the N O , g ro u p s  hav e  a  sp ira l 
o rien ia tio n  as one m o v es  from  one  1 d o m ain  to  th e  o th e r and  
the d t^m ain-w alls have structure  like B loch w alls [28). T h e  crystal 
s tru c tu re  an d  the d o m a in  c o n fig u ra tio n  for fe rro e lec tric  N aN O ^ 
are  sh o w n  in F ig u re  5 and  6. T h e  sp in -la ttic e  re lax a tio n  s tu d ies  
o f  ^‘^ Na sp in s h av e  b een  e x te n s iv e ly  ca rried  out by H u g h es and  
co w o rk e rs  as a fu n c tio n  o f  tem p e ra tu re  and  cry s ta l o rien ta tio n . 
T h e  re la x a tio n  ra te  o f  ~^Na sp in s  as tu n c lio n  o f  le m p era lu re  is 
sh o w n  in F ig u re  7. F ig u re  7 sh o w s the  av a ilab le  ex p e rim en ta l 
d a ta  [291 o f  the  re lax a tio n  p robab ility . o f  the u p p er sa te llite
o f  n u c le i, w h ich  w as m e a su re d  by sa tu ra tin g  th e  cen tra l 
r e s o n a n c e  b y  a s e le c t iv e  p u ls e  a n d  m o n i to r in g  th e  lim e  
d e p e n d e n c e  o f the sa te llite  s ig n a l. T h e  ex te rn a l f ie ld  w as 
p a ra lle l to  the  c ry s ta l sy m m e try  ax is so  tha t the 180" d o m ain s  
a rc  s tack ed  at rig h t an g le s  to H^y In F ig u re  7. are a lso  sh ow n  the 
v a lu es  o f  W ,, =  W . •
r f l  \ ( t t
W. . -  W , o b ta in ed  a fte r su b trac tin g//>//
th e  c o n tr ib u tio n s  d u e  to  p h o n o n  and  m ag n e tic  re lax a tio n  
p ro cess  w h ich  o c c u r at very  low  tem p era tu re s . It has been  
e s ta b lish e d  by P an d ey  and  H u g h es  |2 9 ]  that the  sp in -la ttice  
re la x a tio n  in th e  te m p e ra tu re  ra n g e  4 3 7 K  (T  ) to  2 3 0 K  is 
q u a d ru p o la r  and  is c au sed  by the  H ipping  N O , g ro u p s . It has 
been  fu rth er show n  that the relaxation  is m agnetic  at tem peratu res 
a ro u n d  I30K [301 . T h e  re la x a tio n  b e h a v io u r in the tem p era tu re
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an  a tle m p l lo  e x p la in  ih c  lo w  te m p e ra tu re  b e h a v io u r  o f  
sa te ll ite  re la x a tio n  in N aN O ^  a t te m p e ra tu re  b e lo w  2 3 0 K  sh o w n  







Figure 6. Spiraxlling local electric polarization in riiulii-domain crystal 
of NaNO,
T h e  N a N 0 2  c ry s ta l  c o n s is ts  o f  180^ d o m a in s  a n d  th e  N O ^ 
g ro u p s  g iv in g  r ise  lo  th e  s p o n ta n e o u s  p o la r iz a t io n  h a v e  a  sp ira l 
o rien ta tio n  (281 as  sh o w n  in F ig u re  6. T h e  p o la r iz a tio n  u n d e rg o e s  
a  re o r ie n la tio n d ro m  o n e  d o m a in  to  th e  o th e r  a n d  w o u ld  d o  m o re  
se v e re ly  so  n e a r  th e  d o m a in -w a lls .  I f  w e  v is u a liz e  th e  w h o le  
s a m p le  to  b e  m a d e  u p  o f  th in  s l ic e s , th a n  it m e a n s  th a t th e  
p o la riza tio n  in n e ig h b o r in g  s lic e s  in the  la rg e r b tx ly  o f  th e  d o m a in  
a rc  a lm o s t  p a ra l le l  to  e a c h  o th e r  w h e re a s  th e  p o la r iz a t io n  in  th e  
s lic e s  c lo s e  to  th e  w a ll h a v e  p ro g re s s iv e  re la tiv e  tills . A s  a  re su lt 
th e  a c tiv a tio n  b a r r ie r  E a  fo r  th e  f l ip p in g  m o tio n  o f  th e  N O ^ 
g ro u p s  in th e  re g io n  d o s e  to  th e  d o m a in -w a ll  w o u ld  be lo w e r  as
T ( K )
F ig u r e  7 . T e m p e ra tu re  d e p e n d e n c e  o f  th e  re la x a tio n  p ro b a b ility
1 n u c le i in  s in g le  c ry s ta l o f  N aN O , fo r  satcU itc
tra n s it io n . IV ,p„and re p re s e n t th e  c o n tr ib u tio n  d u e  to  p h o n o n  an d  
m ag n e tic  re lax a tio n  p ro cess . O  - E x p e rim en ta l va lues . —  line  d raw n  fo r 
a g u id e  to  the eye.
c o m p a re d  lo  th a t fo r  th e  re g io n  d e e p  in s id e  th e  d o m a tn . By 
c o n s id e r in g  th e  flip  p ro b a b ili ty  lo  v a ry  a s  111 H  th is  implies 
th a t a t  lo w e r  te m p e ra tu re s  w h e n  th e  f l ip s  o f  N O ,  g ro u p s  m ihc 
in te r io r  b o d y  o f  th e  d o m a in  w o u ld  h a v e  a lm o s t  c e a se d , the 
g ro u p s  n e a r  o r  in s id e  th e  w all m ay  still be  e x e c u tin g  so m e  flipping  
m o tio n s . T h is , in tu rn , w o u ld  c a u s e  th e  ( /  =  3 /2 )  sp in s  ncai 
th e  w a ll to  re la x  d u e  o f  f lu c tu a t in g  e le c tr ic  f ie ld  g ra d ie n ts  j 13| 
T h u s , w e  m a y  a s s u m e  th a t  th e  -^N a  sp in s  n e a r  th e  w all are 
r e la x in g  th o u g h  q u a d r u p o la r  r e l a x a t io n  p r o c e s s  (1 3 | w ah 
tra n s it io n  p ro b a b i l i t ie s  W, a n d  b e tw e e n  m =  ±  3 /2  ± 1/2
an d  m  =  ±  3 /2  T  1/2 re s p e c tiv e ly  [2 6 ,2 8 ] . I f  w e  a ssu m e  that at 
lo w  te m p e r a tu r e s ,  o th e r  r e l a x a t io n  p r o c e s s e s ,  e x c e p t  spin 
d if fu s io n  fro m  d o m a in -w a lls , h a v e  c e a s e d , th e n  w c c a n  d ire c ily  
a p p ly  th e  th e o ry  d e v e lo p e d  in  S e c tio n s  2  an d  3.
A s  d is c u s s e d  in  vScction 4, th e  m a g n e t iz a t io n  co rresp o n d in g  
to  th e  sa te ll ite  tra n s it io n  m =  ± 3 /2  ±  1 /2 , w h ic h  is p roportional
to  th e  p o p u la t io n  d i f f e r e n c e  v a r io u s  a p p ro x im a te ly
a c c o rd in g  to  th e  e x p re s s io n  g iv e n  in eq . ( I I )  an d  a  relaxation  
tim e  d u e  to  sp in  d if fu s io n  fro m  d o m a in -w a lls  c a n  be  g iven  by 
eq . (1 2 ) . l l i c  te m p e ra tu re  d e p e n d e n c e  o f  th e  re la x a tio n  time 
w o u ld  c o m e  fro m  th e  te m p e ra tu re  d e p e n d e n c e  o f  W,, 
an d  a. I t w a s  o b s e rv e d  in  S e c tio n  3, th a t (he  re la x a tio n  laie 
1 / 7 , d u e  to  d o m a in -w a lls  d o c s  n o t s ig n if ic a n tly  d e p e n d  upon 
th e  ra t io  W ,/W j. T h e re fo r e ,  th e  te m p e ra tu re  d e p e n d e n c e  ol 
1/7) w o u ld  c o m e  fro m  th e  te m p e ra tu re  d e p e n d e n c e  ol 
a n d  a. A t lo w e r  tcm p craU irc s , th e  la t t ic e  c o n s ta n ts  fo r  N aN O , 
d o  n o t v a ry  m u c h  [3 1 J; th e re fo re , a lso  w o u ld  n o t vary so 
m u c h  as it is a  fu n c tio n  o f  a. A lso , a s  th e  te m p e ra tu re  dccrca.scs, 
Wj b e in g  c a u s e d  b y  th e  f l ip p in g  N O , g ro u p s  a t d o m a in  w alls 
d e c re a s e s , a n d  h e n c e  th e  ra t io  a ls o  d e c re a s e s . N ow , a
q u ic k  lo o k  a t th e  F ig u re  4  re v e a ls  th a t fo r  v a lu e s  o f  W ,/U '„j 
g re a te r  th a n  0 .5 , l / 7 j  is  a lm o s t c o n s ta n t a n d  d e c re a s e s  ver\ 
fa s t a s  VFj/W^j d e c re a s e s , f in a lly , a t ta in in g  a lm o s t a fix ed  value 
a t v e ry  lo w  v a lu e s  o f  w c  sec  th a t th is  is w h al is observed
e x p e r im e n ta lly  fo r  N a N O ^  as  s h o w n  in F ig u re  7. T h e  F ig u re  7 
sh o w s  th a t a ro u n d  2 3 0 K , th e  c u rv e  s l ig h tly  f la tte n s , th e n  shows 
a  s te e p  fall an d  fu r th e r  b e c o m in g  fla t a t lo w  le in p e ra iu re s . The 
f la tte n in g  o f  th e  c u rv e  a ro u n d  2 3 0 K  in d ic a te s  th a t VV,/Wq^ j is 
la rg e r  th a n  0 .5 . T h e  sh a rp  in c re a s in g  s lo p e  in F ig u re  7 above 
2 3 0 K  in d ic a te s  th a t th e  q u a d ru p o la r  re la x a tio n  p ro c e s s  takes 
o v e r  v e ry  f a s t  a t  h ig h e r  t e m p e r a t u r e s .  T h u s ,  o u r  th e o ry  
q u a li ta t iv e ly  e x p la in s  th e  lo w  te m p e ra tu re  re la x a tio n  b eh av io u i 
o f  ^‘^ N a s a te ll i te  in  fe r ro e le c tr ic  N aN O ^ . A lso , it su g g e s ts  that 
th e  d o m a in  w a lls  d o  h a v e  a  n o n -n c g l ig ih le  c o n tr ib u tio n  in the 
sp in  re la x a tio n  p ro c e s s  a n d  in  g e n e ra l ,  th e  o v e ra l l re lax a tio n  
ra te , w h ic h  is  th e  su m  o f  th e  re la x a tio n  ra te s  d u e  to  various 
p ro c e s s e s , w o u ld  c o n ta in  a  le m i c o r re s p o n d in g  lo  th is . W ork 
o n  a  q u a n t i ta t iv e  a n a ly s is  a n d  s o lv in g  e q . (4 )  fo r  g en e ra l 
o r ie n ta t io n  o f  th e  m a g n e t ic  f ie ld  is  in  p ro g re s s  a n d  w o u ld  be 
p u b lish e d  e ls e w h e re . W c b e lie v e  th a t th is  is p ro b a b ly  th e  first 
re p o r t  o f  s tu d y  o f  th e  e f f e c t  o f  d o m a in  w a lls  o n  sp in  lattice 
re la x a tio n  in  fe rro c le c tr ic s .
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It is to  b e  m e n t io n e d  h e re  th a t  th e  t r e a tm e n t p re s e n te d  so  fa r  
deals w ith  th e  c h a n g e s  p ro d u c e d  in  sp in  p o p u la t io n s  d u e  to  
relaxation e ffec t c a u se d  b y  th e rm a lly  f lu c tu a tin g  (f lip p in g ) e lec tric  
d ipoles. T h is  c h a n g e  h a s  b e e n  fu r th e r  u se d  to  e s t im a te  th e  o v e r ­
all re laxa tion  tim e  o f  7 =  3 /2  sp in s  in  o rd e r -d is o rd e r  fe rro e le c tr ic s . 
The e x p e rim e n ta l m e a s u re m e n ts  o f  s p in - la t t ic e  re la x a tio n  tim e s  
e ssen tia lly  in v o lv e  a p p l i c a t i o n s  o f  in te n s e  r a d io - f r e q u e n c y  
pulses an d  m o n i to r in g  th e  e v o lu t io n  o f  m a g n e tiz a t io n  w ith  tim e . 
\\ ihc sa m p le  h a s  p e rm a n e n t  e le c tr ic  d ip o le  m o m e n t a s  is th e  
ease w ith  f e r ro e le c tr ic s ,  a n o th e r  c o n tr ib u t io n  a r is in g  d u e  to  th e  
m icraction  o f  e le c tr ic  d ip o le  m o m e n ts  w ith  th e  r f  p u ls e  w o u ld  
alst) be p re s e n t .  T h is ,  s o  c a l l e d  p i e / o e l e c l r i c  c o n tr ib u t io n ,  
so m e tim es is  so  la r g e  th a t  it is  im p o s s ib le  to  s e e  th e  f r e e  
induction  d e c a y  s ig n a l a f te r  th e  r f  p u ls e . M e th o d s  h a v e  b e e n  
devised by  H u g h e s  a n d  P a n d e y  132J to  o v e rc o m e  th is  p ro b le m  
m N M R  e x p e r im e n ts .  It h a s  b e e n  e s ta b l i s h e d  by  th e m  th a t th e  
in ic ia c tio n  o f  th e  f e r r o e le c t r i c  s a m p le  w ith  th e  r f  f ie ld  is 
e lec tro s ta tic  in  n a tu r e  (3 3 ) . H o w e v e r ,  th e  re la x a tio n  e f f e c ts  
p ro d u ced  b y  th is  s o  c a l l e d  p ie z o e le c t r ic  c o u p l in g  w a s  n o t 
siudicd. A  s tu d y  in  th is  d ir e c t io n  w o u ld  in v o lv e  fo rm in g  ra te  
equation  w ith  th e  a d d it io n a l te rm s  d e a lin g  w ith  th e  p ie z o e le c tr ic  
coup ling . T h is  w o rk  is in  p r o g r e s s  a n d  w o u ld  b e  p u b lis h e d  
e lsew here.
5. Conclusions
f‘fleet o f  d o m a in -w a lls  o n  th e  n u c le a r  sp in - la t t ic e  re la x a tio n  o f /  
= V2 q u a d ru p o la r  n u c le i  in o r d e r - d is o r d e r  fe r ro e le c tr ic s  w a s  
studied by  r e p r e s e n tin g  a  ISCV^  d o m a in  b y  a  o n e  d im e n s io n a l 
chain o f  e q u id is ta n t  /  =  3 /2  s p in s  h a v in g  n e a re s t  n e ig h b o u r  
d ipo lar c o u p lin g . T h e  d o m a in -w a ll  is th e  re g io n  jo in in g  tw o  
adjacent 180^  ^d o m a in s , a n d  th e  p o la r iz a t io n  u n d e rg o e s  a  re v e rsa l 
while tr a v e rs in g  th e  d o m a in -w a ll .  It m e a n s  th a t  i f  w c  v is u a liz e  
the sam p le  to  b e  m a d e  o f  th in  s l ic e s  p a ra l le l  to  th e  d o m a in , th en  
the p o la r iz a tio n  in  th e  s l ic e s  w o u ld  b e  a lm o s t p a ra l le l  to  e a c h  
other in th e  d o m a in , w h e re a s , th e  p o la r iz a t io n  in  th e  s l ic e s  in th e  
region o f  th e  d o m a in  w a ll w o u ld  p o s s e s s  la rg e r  r e la tiv e  t i lts  as  
one m o v es fro m  o n e  d o m a in  to  th e  o th er. A s  a  re su lt th e  th e rm a lly  
ac tiva ted  lo c a l m o t io n s  a t a n d  n e a r  th e  d o m a in -w a ll s  w o u ld  b e  
easier as  c o m p a r e d  to  th o s e  d e e p  in s id e  th e  d o m a in . T h e re fo re , 
at a c e rta in  te m p e ra tu re ,  th e  n u c le i n e a r  th e  d o m a in -w a lls  w o u ld  
have la rg e r re la x a tio n  p ro b a b ili ty  d u e  to  f lu c tu a tin g  e le c tr ic  fie ld  
g rad ien ts , a s  c o m p a r e d  to  th o s e  s i tu a te d  in th e  in te r io r  o f  th e  
dom ain . T h is  w o u ld  le a d  to  s p in -d if fu s io n  f ro m  d o m a in -w a lls . 
Rate e q u a tio n s  w e re  fo rm e d  fo r  sp in -p o p u la t io n s  o f  / =  3 /2  sp in  
system s h a v in g  q u a d r u p o la r  s p l i t t in g .  T h e s e  c o u p le d  e q u a tio n s  
were so lv e d  fo r  th e  c o n d it io n  th a t  th e  e x te rn a l m a g n e t ic  f ie ld  is 
p e rp e n d ic u la r  to  th e  a x is  a lo n g  w h ic h  th e  c h a in  o f  n u c le i is 
d irec ted  a n d  c ro s s - r e la x a tio n  is  a b s e n t . A f te r  a  p u ls e  e x c ita tio n , 
the p o p u la t io n  d if f e re n c e s  b e tw e e n  th e  a d ja c e n t  le v e ls  w e re  
found to  v a ry  w ith  t im e  in  a  n o n -e x p o n e n t ia l  w a y  a n d  fo r  t im e s , 
oiuch lo n g e r  a s  c o m p a r e d  to  th e  d o m a in  d if fu s io n  tim e , th e  
v a ria tio n  fo l lo w e d  a  p o w e r  la w  d e p e n d e n c e . I t w a s  fo u n d  th a t 
ihe p re sen t th e o ry  e x p la in s  q u a li ta t iv e ly  w e ll th e  lo w  te m p e ra tu re  
re lax a tio n  d a ta  o f  ^-^Na in  s in g le  c ry s ta l  o f  fe r ro e le c tr ic  N a N 0 2  
^nd s u c c e s s fu lly  p re d ic ts  th e  in f lu e n c e  o f  d o m a in -w a lls  o n  th e
o v e r-a ll  re la x a tio n  e s p e c ia lly  at lo w  te m p e ra tu re s .  O u r  re s u lts  
c a n  b e  a p p lie d  to  o th e r -  o rd e r  d is o rd e r  f e r ro e le c tr ic s  h a v in g  
I =  3 /2  sp in -sy s te m .
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A n )e n d ix
T he one-d im cnsional L aplace tran sfo n n  o f  a function /  (0  is 
defined as 12 1 ,22]
F ( .v ) = / • { / ( / ) }  = | e - ' 7 ( t ) c i t .
wherea.s L is a L ap lace  variable.
T he  e rro r function  is a  special function  and defined  as (22)
e / / i =  ( 2 / V ^ )  j e x p ( - r 7 / ( / ) d t .
0
T he com plem en tary  e rro r function  erfc  is g iven  by
oo
erfcz-{2ljn)j e x p ( - f  ^  )f{t) dl.
T he  num erical expansion  o f  com plex  e rro r function is given
by
erf (jr +  iy) = erf x + - [(1 -  cos 2.rv) + i sin 2jry]2ftx
+ ( 2  /  V ^ ) e x p  ( - j f ^ )
"  /I + 4 r
[ / « (•^.) ’) +  .v)]+ 6  ( j :. y ) .
w here
/ « (X, y) =  2x -  2jr co sh  ny. cos 2jry +  « sinh ny. sin 2 iv , 
Sn(jr ,>’) =  2 a" co sh  ny. sin  2 av +  n sinh «v. cos 2 av ,
e ( A . y ) |  =  1 0 ‘ '^ | e r / - ( A  +  / v ) | .
